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Effects of a p–n junction on heterojunction far infrared detectors
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Abstract

HEterojunction Interfacial Workfunction Internal Photoemission (HEIWIP) far infrared detectors based on the GaAs/AlGaAs mate-
rial system have shown promise for operation at wavelengths up to a few hundred microns. HEIWIP detectors with GaAs emitters have
been shown to operate out to 92 lm. Recent modifications to use AlGaAs emitters have extended the zero response threshold out to
128 lm. Extension to longer wavelengths will require reducing the dark current in the devices. An approach using the addition of a
p–n junction in the detector, which was shown to work in QWIP and homojunction detectors is considered here. Differences between
the predicted and observed threshold behavior could be explained by the presence of space charge within the device. The band bending
from this space charge produces the observed variation in the threshold. The space charge can also be used to explain anomalous con-
duction observed at low biases. When the device is forward biased, the current is expected, to be small until the bias voltage is similar to
the bandgap of 1.4 eV, above which the current should increase rapidly. Dark current was observed for biases significantly less than the
bandgap. The threshold bias decreased with temperature, and was as low as 0.25 V for a temperature of 300 K. This is much lower than
could be explained by thermal effects alone.
� 2006 Elsevier B.V. All rights reserved.
There has been extensive interest in THz detectors for
applications such as security, medical diagnostics, pollu-
tion monitoring, etc. To fully exploit the advantages of
THz radiation in these applications, improved detection
methods are required. HEIWIP detectors have shown tail-
orable response thresholds out to 128 microns [1,2]. An
important step in improving the detectors is the reduction
of dark current so as to allow higher temperature opera-
tion. The initial homojunction detector embedded in a p–
n junction had shown very low dark current (10�14 A for
a bias field of 100 V/cm at 16 K) [3]. Hence the use of a
p–n junction to reduce the dark current is a possible
approach. Here, results of the insertion of a p–n junction
in a HEIWIP detector are presented, and suggestions for
improving the response are made.

The idea behind the inclusion of a p–n junction is that
the junction can be forward biased at the threshold for cur-
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rent. This will restrict the dark current, while still allowing
the photocurrent to pass without significant restrictions. It
is also possible to use the junction to produce a LED, con-
verting the FIR/THz photons to NIR photons which are
more readily detectable. This approach has been used in
QWIP detectors to produce an upconversion device [4]. A
p–n junction has also been used with a device combining
p and n-type quantum wells to obtain a two color device
in which the response range is bias voltage selectable [5].
Here a p–n junction is included in a HEIWIP device
designed for response near 1 THz with the aim of reducing
the dark current.

The basic device structure consisted of 50 periods of
700 Å 3 · 1018 cm�3 p-doped Al0.012Ga0.988As emitters
and 2000 Å GaAs barriers. This design used a low Al frac-
tion in the emitters to counter part of the valence band off-
set from doping and reduce the workfunction as has been
shown previously. The top contact was 0.05 lm of
1 · 1019 cm�3 p-doped GaAs and the bottom contact was
1.0 lm of 5 · 1018 cm�3 n-doped GaAs. A partial band dia-
gram for the structure is shown in Fig. 1.
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Fig. 1. The band diagram for the HEIWIP detector with the p–n junction showing the expected field distribution under forward bias. The built-in
potential all drops across the last barrier. The open circles indicate holes and the filled circles electrons. Note that in this and the following band diagrams
the band offsets have been exaggerated relative to the band gap to make them visible.
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The response for this detector is shown in Fig. 2 at
4.2 K. The zero response threshold wavelength (k0) showed
a strong bias dependence, increasing from 50 to 80 lm as
the bias increased from 1.447 to 2.6 V (the built-in poten-
tial at this temperature was �1.44 V). This threshold was
much shorter than the expected value of �300 lm, and
the bias dependence was not expected to be as strong as
was observed (an expected shift corresponding to 2–
3 meV compared to the 7 meV observed).

In order to understand this behavior, the bias tempera-
ture was measured at various temperatures. Due to the
space charge associated with the p–n junction, it was not
possible to obtain the barrier height from an Arrhenious
plot. However, the plots of dark current with temperature
did provide important information for understanding the
behaviour of the detector.
Fig. 2. The measured response for the FIR detector for various biases at
4.2 K. The built-in potential of the p–n junction is �1.44 V at this
temperature. As the bias is increased the response increases, and the
threshold wavelength (indicated by where the curves stop) also increases
significantly. The change in current used to define the threshold is due to
the increased noise associated with reduced resistance at larger biases.
The measured dark current in the detector at 20, 77, and
300 K is shown in Fig. 3(a). The most important feature to
note is the very large change in threshold voltage. The
threshold was expected to correspond to the bandgap in
the material which should vary from 1.4 to 1.5 eV as the
temperature is varied. However, the observed threshold
varied from 1.43 V at 20 K down to a minimum of
0.25 V at 300 K. This large shift was not observed in the
QWIP devices, and was not expected in the present device.
This discrepancy has led to the further consideration of the
conditions when a p–n junction is included in an IR
detector.

There are two fundamental differences between the pres-
ent device, and the QWIP devices employing a p–n junc-
tion. The first is the inclusion of an LED structure in all
the QWIP devices. This serves to separate the p and n
doped regions when the bias is low. As a result the current
at any location will consist primarily of majority carriers
with only a negligible contribution from the minority carri-
ers. The HEIWIPs have the p and n-type regions separated
only by a single barrier with a thickness of 0.2 lm. This
makes it easier for carriers to travel from one region to
the other, and as a result there will be a significant minority
carrier contribution in the HEIWIP case. The second fea-
ture is related to the design for FIR detection used in the
HEIWIPs, as can be understood by considering band dia-
grams for the QWIP and HEIWIP structures as shown in
Fig. 4. The QWIP diagram is that of a typical type I super-
lattice. In this, the wells for the conduction and valence
bands are located in the same layer. As a result any minor-
ity carriers generated either by pair production or by trans-
port through the structure, will be localized in the same
spatial region as the majority carrier. This allows them to
rapidly recombine leaving no net space charge in the
region. On the other hand, the HEIWIP band diagram is
similar to that of a type II superlattice. This difference is
produced by the shifts of the valence band edge for the



Fig. 3. (a) The dark current measured in the device at 20, 80 and 300 K showing the large change in threshold voltage for the device. (b) The transient
current measured for a bias of 0.6 V at 300 K. Also shown are the modeling fits to the experimental data.

Fig. 4. A comparison of the band diagrams for (a) a standard QWIP and
(b) the AlGaAs emitter HEIWIP. The fundamental difference is the well
for the electrons and holes is in the same layer for the QWIP and in
different layers for the HEIWIP. This leads to much less recombination in
the HEIWIP than in the QWIP.
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AlGaAs from the doping, and can only occur for low
(x < 0.017) Al fraction. This means the wells for the elec-
trons and holes are in different layers. As a result, recombi-
nation of minority carriers will be greatly slowed, and
space charge can build up in the device. This space charge
can then be transported to the contacts leading to a current
for biases below the threshold. Supporting this idea of the
buildup of space charge in the devices was the presence of a
transient dark current with time scales of seconds when a
bias was applied to the detector as shown in Fig. 3(b).

To verify this effect, calculations were done to model the
space charge buildup in the HEIWIPs when the applied
bias was zero and after bias was applied. The model will
consist of two main portions: carrier generation and
recombination, and carrier transport. These two parts will
be solved simultaneously to obtain the space charge and
current in the device. In the model the diffusion of the dop-
ant was ignored as it should be much less than the barrier
thickness.

For the generation and recombination there will be two
main assumptions: (i) the generation is by thermal pro-
cesses and will be independent of the location, (ii) the
recombination rate will depend on the densities of both
the majority and minority carriers. Based on these assump-
tions a model for the carrier generation and recombination
at all points in the HEIWIP was developed.

For the transport of the carriers a drift diffusion model
will be used at all points not on an interface between the
wells and barriers. For points at the interface, drift/diffu-
sion will be used to determine the component of the current
from the barrier into the well, and thermionic emission for
the component from the well into the barrier. As an addi-
tional special contribution to the current, tunneling
between the n-type bottom contact and the adjacent p-type
emitter will be included.

In the model the device will be divided into a sequence
of segments. At each point where two segments (assumed
here to be the ith and i + 1th) meet the electric potential
Vi and the electron (ni) and hole (pi) densities are calcu-
lated. An initial set of values for Vi, ni, and pi are assumed,
and the model is iterated until a steady state solution is
obtained. Each step of the iteration consists of three sepa-
rate processes: (i) Determine the change in ni and pi due to
generation and recombination. (ii) Determine the changes
in ni and pi due to drift and diffusion. (iii) Determine the
new values for Vi. The zero bias equilibrium distribution
was obtained by starting with the assumption of no net
charge in any of the layers except for the AlGaAs region
closest to the n-contact. The steady state results of this cal-
culation were then used as the initial ni and pi for the biased
cases. A more detailed view of the model will now be
presented.

The generation and recombinaton of carriers at each
point was determined from

dni ¼ ðG� RnipiÞdt; ð1Þ
dpi ¼ ðG� RpiniÞdt; ð2Þ

where G is the generation rate, R is the recombination rate,
and dt is the time step. The values of G and R were first
determined from the expected carrier density and carrier
lifetime at equilibrium for the bulk material. The values
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of G and R should not depend on the doping of the layers.
It can be shown that for intrinsic matter where ni = pi that

G=R ¼ n2
i ¼

1

16

2kBT

p�h2

� �3

ðmemhÞ3=2 expð�Eg=kBT Þ; ð3Þ

where T is the device temperature, me and mh are the elec-
tron and hole masses, Eg is the energy gap, kB is Boltz-
mann’s constant, and �h is Planck’s constant. For the
barrier layers Eg is the GaAs band gap, while for the Al-
GaAs emitters, which are highly p-doped, it is the differ-
ence between the hole Fermi level and the conduction
band. The recombination rate is given by R = 2/s where
s is the relaxation time for the carriers.

The transport consists of two parts, drift/diffusion along
the band edges, as was done previously for homojunction
detectors [6], and injection at the emitter/barrier interfaces.
It is assumed that the carriers generated by the thermal
processes are near the band edge they will be trapped by
the interfacial workfunctions. These carriers will move by
drift/diffusion inside the layers, and can be injected into
adjacent layers at the interfaces. The drift/diffusion contri-
bution to the current density is calculated from

je ¼ nleE þ Deon=ox ð4Þ

for the electrons and

jh ¼ plhE þ Dhop=ox ð5Þ

for the holes at points on an interface. Here E is the electric
field, l is the mobility, and D is the diffusion constant. For
points adjacent to an interface, the currents must be
worked out separately. If the current at point i is from
emitter to barrier for electrons, or from barrier to emitter
for holes, the above procedure can be used with the condi-
tion any derivatives must by evaluated for a single layer
using the correct endpoint formula. If the current is going
in the opposite direction, then the current crossing the
interface is calculated using thermal injection over the
workfunction at the interface. For the emitter closest to
Fig. 5. The band diagram for the HEIWIP detector with the p–n junction show
motion of the thermally generated electrons and holes which lead to the curre
the n-type contact there is an additional tunneling current
from the emitter into the contact. The change in electron
and hole densities is then given by

dni ¼ ðje;iþ1 � je;i�1Þdt; ð6Þ
dpi ¼ ðjh;iþ1 � jh;i�1Þdt: ð7Þ

Using the electron and hole densities, the electric field dis-
tribution and the electric potential are then calculated
using Poisson’s equation. This completes one time step in
the model. If the current is desired, it can be obtained from
the values at the contacts. The above process is repeated
until the current reaches a steady state value.

When the calculation was done for zero bias, it was
found that for a structure with AlGaAs emitters and GaAs
barriers, the spatial separation of the electrons and holes,
led to a significant buildup of space charges inside the
structure.These carriers then traveled through the device,
and the holes collected at the emitter adjacent to the n-type
contact, while the electrons were transported to the p-type
contact. This process was not a single step but rather
involved the carriers moving from one well into the adja-
cent well. When the steady state condition was used as
the starting point, with the bias being turned on, it led to
a slow transient behavior in the current through the device
at low bias. This was particularly noticeable for room tem-
perature measurements where a current was observed for
biases as low as 0.25 V. This is caused by the thermally pro-
duced pairs being transported in opposite directions
through the device by the internal fields. Because of the
accumulation of space charge near the contacts, the major-
ity of the device has a low internal electric field which will
cause the carriers to move towards the contact as shown in
Fig. 5. Because recombination is slow in the device, the car-
riers can reach the contact and be recorded as a current,
even when the applied bias is less than the band gap. A
fit to the steady-state current at different biases for the
device at 300 K is shown in Fig. 3(a). For lower tempera-
tures, the rate of generation of the thermal carriers is
ing the expected field distribution under forward bias. The arrows show the
nt for bias below the built-in voltage.
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reduced, and this effect becomes smaller. For 77 K, the
threshold is near the band gap, and there is a slow transient
with time scales of minutes and even hours. A fit to the cur-
rent vs time data is shown in Fig. 3(b). In this it is possible
to identify two components in the transient response, a fast
component which is caused by the escape of carrier that
were trapped in the wells at zero bias, and a slow compo-
nent associated with the motion of the space charge inside
the device.

It is also possible to explain the reduced k0 value from
this approach. The high doping of the n-type contact
causes space charge to produce an additional barrier in
the first GaAs layer. This barrier has a height of 15–
25 meV depending on the bias and is responsible for the
k0 value observed. The response being dominated by the
electrons from the n-type contact is believed to be due to
better transport of the electrons to the contacts in the
low-field environment that is present in most of the device.

These results indicate some potential ideas for
approaches to including p–n junctions into IR detectors.
The first is the inclusion of a thick layer between the p
and n regions of the device. The primary aim of this layer
is to reduce the ability of carriers to tunnel between the
regions. The modeling calculations have also shown the
majority of the bias drop due to the built in voltage is
across the thick layer while the applied bias is primarily
across the two regions.

The second concept is to reduce the minority carrier life-
time in the device. The most obvious approach is to use
designs in which the electrons and holes will be trapped
in the same layer by use of a type I structure. If a type II
structure is necessary, the majority carrier barriers (which
serve as the minority carrier wells) should be as thin as pos-
sible to speed up the recombination of the carriers, and
reduce the accumulated space charge. The inclusion of a
single layer that can serve as a well for both carrier types
between the p and n regions will also reduce the charge
buildup. Under low bias the carriers will tend to collect
in this layer and will then be able to recombine directly,
reducing the space charge. This approach will be needed
particularly for THz HEIWIPs which will need to use a
type II structure to obtain the low barriers needed.

A potential design to take advantage of the use of a p–n
junction to reduce dark current would use 300 Å GaAs
emitters doped p-type to 3 · 1018 cm�3 and 1000 Å
Al0.005Ga0.995As undoped barriers. This will cause any
thermally generated electrons to be trapped in the GaAs
layers and recombine with the holes there, stopping the
dark current for biases below the band gap. The device
should have k0 � 100 lm. The device should have 25
emitter/barrier periods between the contacts. The top con-
tact should be 1 · 1019 cm�3 p-doped GaAs and the bottom
contact should be 1 · 1017 cm�3 n-doped GaAs. The
reduced doping in the n-type bottom contact will remove
the space charge induced bending near the n-type contact
which produced the reduced threshold. With this design
the response should be similar to that observed for GaAs
emitter HEIWIPs, while by operating near the voltage
threshold the dark current can be reduced by �3 orders
of magnitude. As a result the detector should operate at
77 K with a BLIP temperature of 40 K.

An alternate approach to using this in improving a
design while still using the AlGaAs emitters to obtain k0

near 300 lm is to insert an undoped InGaAs well in the
middle of each of the GaAs layers. This will serve as a
recombination site for the electrons and holes. The ther-
mally generated carriers will thus recombine before they
reach the contacts, and so will not contribute to the cur-
rent. However, the recombining photocarriers will still
require an injected carrier to replace them, and so will con-
tribute. The key difficulty in this approach will be designing
the InGaAs wells so that the carriers will be effectively
trapped in them leading to the enhanced recombination.
For FIR detectors trapping will be aided by the majority
of the thermally generated carriers being near the band
edge. The details of the required thickness and well depth
will have to be further studied to determine the optimum
combination for this approach.
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